A type of device is described which can be used as a microwave ampli6er, spectrometer, or oscillator. Experimental results are given. When operated as a spectrometer, the device has good sensitivity, and, by eliminating the usual Doppler broadening, a resolution of 7 kc/sec has been achieved. Operated as an oscillator, the device produced a frequency stable to at least 4 parts in 10'~i n times of the order of a second, and stable over periods of an hour or more to at least a part in 10".The device is examined theoretically, and results are given for the expected sensitivity of the spectrometer, the stability and purity of the oscillation, and the noise 6gure of the amplifier. Under certain conditions a noise figure approaching the theoretical limit of unity, along with reasonably high gain, should be attainable.
INTRODUCTION
A TYPE of device is described below can be used as a microwave spectrometer, a microwave amplifier, or as an oscillator. As a spectrometer, it has good sensitivity and very high resolution since it can virtually eliminate the Doppler eBect. As an amplifier of microwaves, it should have a narrow band width, a very low noise 6gure and the general properties of a feedback amplifier which can produce sustained oscillations. Power output of the amplifier or oscillator is small, but suKciently large for many purposes.
The device utilizes a molecular beam in which molecules in the excited state of a microwave transition are selected. Interaction between these excited molecules and a microwave field produces additional radiation and hence amplification by stimulated emission.
We call an apparatus utilizing this technique a "maser, "
which is an acronym for "microwave amplification by stimulated emission of radiation. "
Some results obtained with this device have already been briefly reported. ' An independent proposal for a system of this general type has also been published. ' We shall here examine in some detail the general behavior and characteristics of the maser and compare experimental results with theoretical expectations. Particular attention is given to its operation with ammonia molecules. The preceding paper, ' which will hereafter be referred to as (I) , discusses ' Gordon, Zeiger, and Townes, Phys. Rev. 95, 282 (1954) . (U.S.S.R.) 27, 431 (1954) . Also N. G. Bassov and A. M. Prok. -horov, Proc. Acad. of Sciences (U.S.S.R.) 101, 47 (1945) .
' J. P. Gordon, preceding paper LPhys. Rev. 99, 1253 Rev. 99, (1955 12 of N'483 with this apparatus. Certain of its properties which are necessary for an understanding of the relative intensities of the hyper6ne structure components are also discussed there.
BRIEF DESCRIPTION OF OPERATION
A molecular beam of ammonia is produced by allowing ammonia molecules to disuse out a directional source consisting of many fine tubes. The beam then transverses a region in which a highly nonuniform electrostatic field forms a selective lens, focusing those molecules which are in upper inversion states while defocusing those in lower inversion states. The upper inversion state molecules emerge from the focusing field and enter a resonant cavity in which downward transitions to the lower inversion states are induced. A simplified block diagram of this apparatus is given in Fig. 1 . The source, focuser, and resonant cavity are all enclosed in a vacuum chamber.
For operation of the maser as a spectrometer, power of varying frequency is introduced into the cavity from an external source. The molecular resonances are then observed as sharp increases in the power level in the cavity when the external oscillator frequency passes the molecular resonance frequencies.
At the frequencies of the molecular transitions, the beam amplifies the power input to the cavity. Thus the maser may be used as a narrow-band amplifier. Since the molecules are uncharged, the usual shot noise existing in an electronic amplifier is missing, and essentially no noise in addition to fundamental thermal noise is present in the amplifier.
If the number of molecules in the beam is increased beyond a certain critical value the maser oscillates. At the critical beam strength a high microwave energy density can be maintained in the cavity by the beam alone since the power emitted from the beam compensates for the power lost to the cavity walls and coupled wave guides. This oscillation is shown both experimentally and theoretically to be extremely monochromatic. I ass--e-~----«-------.--"-~----------====--%FVca. -"-Ĩ The ampli6ed intermediate frequency signals from the two maser oscillators were then beat together in a diode detector, and their diBerence, which was then a direct beat between the two maser oscillator frequencies, displayed on. an oscilloscope. The over-all band width of this detecting system was about 2&(10' cps, and the beat note appeared on the oscilloscope with a signal to noise ratio of about 20 to 1.
It was found that the frequency of oscillation of each maser could be varied one or two kc/sec on either side of the molecular transition frequency by varying the cavity resonance frequency about the transition frequency. If the cavity was detuned too far, the oscillation ceased. The ratio of the frequency shift of the oscillation to the frequency shift of the cavity was almost exactly equal to the ratio of the frequency width of the molecular response (that is, the line width of the molecular transition as seen by the maser spectrometer) to the frequency width of the cavity mode. This behavior is to be expected theoretically as will be shown below. The two maser oscillators were well enough isolated from one another so that the beat note could be lowered to about 20 cps before they began to lock together. The appearance of this beat note has been noted above. As perhaps «'~-cycle phase variation could have been easily detected in a time of a second (which is about the time the eye normally averages what it observes), the appearance of the beat indicates a spectral purity of each oscillator of at least 0.1 part in 2.4)&10", or 4 parts in 10"in a time of the order of a second.
Sy For the ammonia 3 -3 line, a calculation of the number of molecules in the 3 -3 state necessary to make 8VD/V~1was --done, assuming F=100, hv=1 cps, Qc --12 000, T= 300' and using an approximate calculation of x" (v~) based on the considerations of the previous section. The result was 10' molecules per second. It is estimated from the value of x" (v~) which is necessary to cause oscillation (see next section) that the number of upper inversion state molecules in the 3 -3 rotational state in the beam when oscillations occur is at least 10"molecules per second, and experimentally a number about four times this great was achieved.
Thus, for ammonia, the maser should have good sensitivity, and the results described in paper (I) show that this is indeed the case.
In the case of the ammonia inversion spectrum, the (2) The total width at half-power of the spectral distribution of the oscillation is approximately 2»= 87rkT(hug)'/P~ (20) where T is the temperature and P~is the power emitted from the beam. Inserting in (20) values which approximate the experimental conditions, T=300'K, Avg = 3g 10' cps) Pz = 10 ' watt, we find 26v = 10 ' cps, or~a/»=SX1&".
(3) If the beam is suKciently strong, the maser may be used as an amplifier with a gain greater than unity and a noise figure very close to unity. The argument goes along the following lines. Consider the situation of Fig. 3 , the cavity with two wave guides. The whole system will be assumed to be in thermal equilibrium in the absence of the beam. Noise power of amount kT per unit band width is incident on the cavity from each wave guide, and the cavity walls emit noise power within the cavity. Of the noise power incident on the cavity from wave guide A, a certain amount within the frequency range of the cavity mode enters the cavity; part of this power is then absorbed by the cavity walls and part is transmitted on out through wave guide D. A similar situation holds for noise power incident on the cavity from wave guide D; some is absorbed in the cavity and some is transmitted through to wave guide A. The cavity walls emit noise power in the region of the cavity mode and some of this power goes out through each wave guide. When the beam is not present we have assumed the system to be in thermal equilibrium, so there must be kT per unit band width of noise power flowing away from the cavity down each wave guide and there must be kT of noise energy in the cavity mode, as required by the equipartition theorem.
In the presence of the beam thermal equilibrium is upset. The beam, since it is composed solely of upper inversion state molecules, and since the probability for spontaneous decay of these molecules to the lower states is negligible during the time they take to traverse the cavity, contributes no random noise of its own to THE MASER OSCILLATOR AND AMPLIFIER By extending the considerations of the previous section to include amplification of the thermal noise which exists in the cavity, we can discuss the properties of the maser as an oscillator or amplifier. The results of this analysis, which is made below, are as follows:
(1) The center frequency vo of the oscillation is given to a good approximation by the equation the rf field of the cavity. What it does is merely to amplify, in a way described by its eRect on the loaded Q and resonant frequency of the cavity, all of the noise signals which exist in the cavity. Thus to the noise sources in the wave guides the intrinsic Q of the cavity seems to have been altered; whereas to the noise source within the cavity, the loading on the cavity seems to have changed. In fact, the presence of the beam can be duplicated in the imagination by attaching to the cavity a third wave guide, with a negative Q equal to~~~x" (v) describing its coupling to the cavity, and by simultaneously shifting the resonant frequency of the cavity by an amount -2~v&x'(v).
From these considerations we will show that in the presence of the beam more than kT of power per unit Let Av be some arbitrarily small element of the frequency spectrum at frequency v. Within this range noise power of magnitude kThv is incident on the cavity from each wave guide, independent of v. Let P~hv be the amount of noise power which enters the cavity from the incident power in wave guide A, and let Pg'hv be the total noise power re-emitted into wave guide A from inside the cavity. The presence of the beam will be indicated by an added subscript; i.e. , Pg~will represent the value of P~when the beam is present, etc. Similar definitions apply to the output guide D. Since the noise powers generated in the wave guides and in the cavity are completely incoherent with one another, we can simply add power coming from various sources to obtain the total power in any element of the system. Thus the total energy 8"Dv The total energy stored in the cavity, given by Jo"Wdv, is easily shown to be equal to kT (we make the assumption that QL »1, so that in the integration the approximation v= vc may be made) as required by the equipartition theorem. The net noise power Bowing in the wave guides A or D is also easily shown to be zero, so that the system is indeed seen to be in thermal equilibrium.
Consider now the case when the beam is present. (v) for any x and vcB = vcL1 -2+x '(v) This shot effect and also the effect of power Row through the cavity on the frequency dependence of the amplification will be discussed in more detail in a subsequent paper. Amplification may also be accomplished using one wave guide as both input and output, and the noise figure of such an amplifier can also approach unity. The amplified output signal might be coupled out and detected through a directional coupler, which would have to have a fairly small coupling so that little of the input power was lost to it. Then so long as the amplified input noise appearing at the detector was large compared to k'1, the noise figure of this amplifier would be small.
The maser amplifier may be useful in a restricted range of applications in spite of its narrow band width because of its potentially low noise figure. For example, suppose that the signal to be amplified came from outer space, where the temperature is only a few degrees absolute. Then by making the coupling through the cavity fairly large so that little noise is contributed by the cavity itself, amplification should be attainable while keeping the noise figure, based os The time-dependent Schrodinger equation is solved formally for an atomic or molecular system which is subjected simultaneously to a rotating magnetic fieM of constant amplitude and angular velocity and to a constant magnetic Geld along the axis of rotation. The method yields the transition probabilities in terms of the solutions to an eigenvalue problem. This eigenvalue problem is solved both for (o) a normal Zeeman eifect and for (b) the case where a transition from a given level is isolated in frequency from other transitions from the same level. Case (u) is exactly soluble and yields a solution which is shown to be the same as that of Bloch and Rabi, but is in a form which is more convenient for integration over the velocity distribution. Case (5) must be solved by an approximate method which results in a prediction of multiple quantum transitions as observed by Kusch. ' 'N the C-field of a molecular beams apparatus, ã~s ystem (e.g. , an atom or molecule) is subjected, in a region of constant magnetic field, to an oscillating magnetic field. The experimenter observes, as a function of frequency, a quantity proportional to the number of atoms which have left their initial states.
We will be dealing here with the case in which the constant and oscillating fields are perpendicular to each other. In this case, the solution is greatly simplified by replacing the oscillating field by one which is rotating about the direction of the constant field, One must then correct for the effect of the other rotating component, ' but the correction is usually small. In the present paper, we shall also explicitly assume that the constant magnetic field is uniform and that the rotating field is uniform in both amplitude and phase.
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